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ABSTRACT
Microstructural and transport properties are the key determinants to understand the prod-
uct quality, oil uptake and moisture loss during frying of foods. Besides, permeability is
also an important physical property for studying the transport mechanisms of porous foods
when pressure driven ﬂow is involved. Food processes like frying, drying, solvent extraction,
microwave heating, baking, membrane separation and reverse osmosis have signiﬁcant pres-
sure development. Experiments were conducted to investigate the microsructural changes
during frying of potato disc and determine the oil and water permeability of potato disc at
diﬀerent temperatures. The complex microstructural changes and mass transfer mechanisms
in potato discs during frying were analyzed. The potato discs (thickness of ≈1.65mm) were
fried at 190◦C for 0, 20, 40, 60 and 80 s and X-ray micro-computed tomography (µCT)
was used for three-dimensional (3D) imaging of microstructure of porous potato discs for
diﬀerent frying durations. Total porosity, pore size distribution, oil content and air content
of potato discs were calculated from resulting 3D data sets. Oil and air content measured
by analysis of micro-CT images followed trends similar to Soxtec and Pycnometer methods,
respectively. Image analysis showed a signiﬁcant change in pore size distribution as a func-
tion of frying time. Frying time was also observed to have an eﬀect on tortuosity, which is
an important microstructural transport property. Tortuosity was measured by path length
ratio method from 3D data sets obtained from image analysis. A linear inverse relationship
was observed between porosity and tortuosity where tortuosity decreased with the increase
of porosity. During frying, oil content increased with the decrease of tortuosity. This phe-
nomenon indicated that the lower tortuosity created a less complicated and sinuous path,
thus resulting in less resistance to oil penetration. Micro-CT technique can serve as an
eﬀective tool for elucidating microstructure of fried foods, and can provide complementary
information to conventional lab techniques. The permeability values of water and oil through
porous potato discs were determined by developing an engineering model using Darcy's law
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relation, mass balance equation and poroelasticity relations at temperatures within 25oC
- 80oC. A ﬁnite element package (COMSOL Multiphysics ver. 5.0, Burlington, MA) was
used to solve these equations to obtain the velocity proﬁles at diﬀerent pressure levels. The
water permeability values determined from the velocity proﬁles were in the range of (2 to 4)
x10−15 m2 for the temperature range from 70oC to 80oC and the oil permeability were in
the range of (2 to 12)x10−15 m2 for temperature range from 25oC to 70oC under the applied
pressure of 138 to 348 kPa. The predicted velocity-pressure gradient curves for obtaining
permeability values showed good agreement with the experimental velocity-pressure gradi-
ent data points. An Arrhenius model was developed to represent the relationship between
permeability, ﬂuid content (water or oil) and temperature. In case of pressure driven water
ﬂow, swelling occurred in the potato disc below 50oC and compression occurred above this
temperature, while in case of oil, compression occurred at all temperatures. The velocity-
pressure gradient behavior of oil and water through potato disc exhibited deviation from
Darcy's law due to threshold pressure gradient.
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Chapter 1
Introduction
Deep fat frying is a widely used method to prepare various popular fried foods. The heat and
mass transfer processes during frying cause signiﬁcant microstructural and textural changes
in the food matrix and play a key role in aﬀecting oil uptake. However, there are health
issues related to the oil content of foods. Hence, food industry aims at producing healthier,
lower-fat fried products without compromising with their taste and texture. In order to op-
timize the frying process and reduce the oil uptake, it is necessary to study the mechanism
of oil transportation in fried food and its relationship to the microstructural changes in the
food matrix. There is also a need for measuring ﬂuid transport and porous microstructural
properties such as pore size distribution, porosity, tortuosity and permeability in order to
better understandthe heat and ﬂuid transport mechanisms and model the transport pro-
cesses. The ﬁrst section of the present study in Chapter 1 investigates the microstructural
changes occurring during the frying of potato discs. The purpose was to relate microstruc-
tural changes to frying mechanisms. In this study, the X-ray micro-computed tomography
method was used to investigate the microstructural changes (pore size distribution, connect-
edness, porosity, and tortuosity) during the frying of potatoes and establish their relationship
with the transport of oil into the potato matrix. Oil and air content data obtained from
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measurements made using image analysis were compared with data obtained using conven-
tional analytical methods (Soxtec and Pycnometry). TheMico-CT imaging technique was
selected due to its capability to study the internal three-dimensional structure of the material
and obtain detailed quantitative data. Moreover, this method is non-invasive and requires
minimal sample preparation. The Chapter 2 discusses the water and oil permeability of
potato discs at diﬀerent temperatures measured using pressure-driven water and oil ﬂow. A
transport model using Darcy's law, the mass balance equation and linear elasticity relations
was developed. The model was solved using acommercial ﬁnite element package (COMSOL
Multiphysics, Burlington, MA).The model was used to inversely calculate the permeability
values by comparing the experimental ﬂow rate values with predicted values at diﬀerent pres-
sure levels. This chapter also discusses the change in moisture and oil content of potato discs
due to pressure-driven ﬂow. An Arrhenius model was developed for obtaining water and oil
permeability values as a function of temperature and ﬂuid content (moisture or oil). The
deformation of the potato discs withtemperatures was also investigated under the applied
pressure-driven oil and water ﬂow
Objectives: The main purpose of the present research are :
1. To study the complex microstructural changes and oil uptake phenomena during frying
using image analysis.
2. To compare the image analysis based oil and air volume fractionsvalues with those
obtained using Soxtec and pycnometry, respectively.
3. To calculate the oil and water permeability values of potato discs and establish an
Arrhenius model equation involving moisture content and temperature..
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Chapter 2
Microstructural Characterization of
Potato Discs during Frying using X-ray
Micro Computed Tomography
2.1 Abstract
Microstructural properties play a key role to aﬀect oil uptake and product quality during
frying of foods. The objective of this study was to observe the complex microstructural
changes and mass transfer mechanisms in potato discs during frying. The potato discs of
1.65 mm thickness were fried at 190◦C for 0, 20, 40, 60 and 80 s. X-ray micro-computed
tomography (CT) was used for three-dimensional (3D) imaging of microstructure of porous
potato discs. Total porosity, pore size distribution, oil content and air content of potato
discs were calculated from resulting 3D data sets. Oil and air content measured by analysis
of micro-CT images followed trends similar to Soxtec and gas pycnometry methods, respec-
tively. Image analysis showed a signiﬁcant change in pore size distribution as a function
of frying time. Frying time was also observed to have an eﬀect on tortuosity, which is an
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important microstructural ﬂuid transport property. Tortuosity was measured by path length
ratio method from 3D data sets obtained from image analysis. A linear inverse relationship
was observed between porosity and tortuosity where tortuosity decreased with the increase
of porosity. It was also observed that during frying, oil content increased with the decrease of
tortuosity. This phenomenon indicated that the lower tortuosity created a less complicated
and sinuous path, thus resulting in less resistance to oil penetration. Micro-CT technique
can serve as an eﬀective tool for elucidating microstructure of fried foods, and can provide
complementary information to conventional lab techniques.
Nomenclature
φ Porosity
D Equivalent diameter (µm)
ρs Density of potato solids (g/cm
3)
ρo Density of oil (g/cm
3)
ρw Density of water (g/cm
3)
V o Volume of oil (cm3)
V s Volume of solids (cm3)
V a Volume of air (cm3)
V T Total volume of representative elementary volume (cm3)
εo Volume fraction of oil
εa Volume fraction of air
εw Volume fraction of water
τ Tortuosity
n Number of replications
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2.2 Introduction
Deep fat frying is a widely used method to prepare various popular fried foods. In this
method, food is immersed in hot oil, which is at a temperature well above the boiling
temperature of water. During the process, quick water evaporation and steam pressure
generation occurs inside the food matrix. Vapor loss due to pressure built up in the crust
results in forming oil passages in the food product (Mittelman, Mizrahi, & Berk, 1984).
Negative pore pressure in the food caused by capillary pressure in water phase in drier regions
imparts the potential for oil uptake by the matrix (Sandhu, Bansal, & Takhar, 2013a).
Heat and mass transfer involved in the frying process causes signiﬁcant microstructural
changes, which play a key role in oil uptake and textural characteristics of the food matrix
(Pedreschi, Cocio, Moyano, & Troncoso, 2008; Bouchon, Aguilera, & Pyle, 2003). In order to
get an intrinsic explanation about a relationship between microstructure of fried foods and
transport mechanisms, quantiﬁcation of transport properties like pore connectivity, length
of pore segments, pore size distribution, etc. is necessary. Besides, there is also a need
to know tortuosity, which is an important transport property for better understanding of
complex oil ﬂow pathways inside the porous food matrix (Shanti et al., 2014a; Mittelman
et al., 1984; Moreno & Bouchon, 2013). Tortuosity predicts the curviness of the ﬂuid ﬂow
path that indicates the resistance of the pore channels to ﬂuid ﬂow (Vallabh, Banks-Lee,
& Seyam, 2010a). Since potato is a porous matrix formed of interconnected pores that
serve as passages for oil ﬂow during frying, tortuosity and connectivity of pores can help to
elucidate mechanisms of oil ﬂow inside the potato matrix during frying (Mittelman et al.,
1984; Moreno & Bouchon, 2013). Therefore, in this study analysis of tortuosity and length of
pore connections was carried out to establish a relationship between microstructural changes
and oil uptake.
To improve product texture, and solve heat and ﬂuid transport models, there is a need for
reliable porous microstructural information on pore size distribution, porosity (See equa-
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tion 3.1 for the formal deﬁnition of porosity), and tortuosity. A number of experimental
techniques have been used by researchers to study the microstructural changes and trans-
port phenomena in fried foods. Among those, intrusion porosimetry and pycnometry are
commonly used experimental methods to quantify porosity of materials. Soxhlet extrac-
tion is commonly used for oil content determination (Moreno & Bouchon, 2013). However,
these methods often require tedious sample preparation, various assumptions and also stan-
dardization of experimental conditions (MacMillan, Hickey, Newling, Ramesh, & Balcom,
2008). Although these techniques provide a good estimate of porosity, oil content, etc., the
spatial distribution of pore sizes and oil content cannot be easily determined. In compar-
ison, imaging methods such as magnetic resonance imaging, micro-computed tomography
and microscopy provide complementary information on pore size distribution and moisture
and oil distribution. Pedreschi, Aguilera, and Arbildua (1999) used confocal laser scanning
microscopy (CLSM) to predict the location of oil stained with ﬂuorescent, Nile red dye inside
the food matrix. They observed that the oil absorption took place mainly in the crust region
of a potato. This phenomenon implied that oil was pulled inside the matrix due to suction
pressure during the post frying stage. Rubnov and Saguy (1997) also conﬁrmed the impor-
tance of microstructure of crust region as a key determinant of oil uptake. They performed
fractal geometry analysis to determine the eﬀect of crust roughness of processed potato prod-
ucts on oil uptake. Moreno, Brown, and Bouchon (2010) applied a similar method on deep
fried formulated products (potato ﬂakes or wheat gluten) and concluded that surface with
higher roughness absorbed more oil. Hot stage-light microscope along with video microscopy
established that starch granules in potato cells experienced rapid gelatinization, deforma-
tion, compaction and also swelling that caused structural changes during frying (Aguilera,
Cadoche, López, & Gutierrez, 2001a). Recently, Adedeji, Liu, and Ngadi (2011) performed
Confocal Laser Scanning Microscopy (CLSM) to quantify porosity, oil percentage, oil and
pore size distribution of deep fried chicken nuggets by staining the inside oil with Nile blue
dye. Oil and pore distribution were analyzed from depth sequence of 2D images obtained
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from the confocal microscope. The non-invasive CLSM is also capable of diﬀerentiating
between the components of food matrix by observing distinguishable ﬂuorescent spectra
(Lamprecht, Schäfer, & Lehr, 2000). MRI has been used for inspecting the oil and water
content of french fries using relaxation time distribution of these ﬂuids. Since the relaxation
times from oil and water overlapped, several techniques have been adopted to distinguish
the signal between the two ﬂuids (MacMillan et al., 2008). Later, Dueik, Moreno, and Bou-
chon (2012) used Nitrogen gas adsorption at cryogenic temperatures to determine pore size
distribution, surface area and the cumulative pore volume in fried vegetable chips. The
method quantiﬁed diﬀerent structures of pores and established a linear relationship between
porosity and ﬁnal oil content. However, this technique required oil free samples and was
only applicable to the quantiﬁcation of nanopores (< 30 nm). This study used confocal laser
scanning microscopy and area scale fractal analysis to determine the oil location and surface
roughness, respectively.
For the last few years, extensive studies have been conducted using X-ray Micro-Computed
Tomography (CT) for investigating internal morphological conﬁguration of many cellular
materials (e.g. rocks, metals, ceramics, etc.) (Farber, Tardos, & Michaels, 2003; Salvo et al.,
2003). Although this non-invasive method was earlier used in the medical ﬁeld for imaging
body tissues and bones, it has also been adopted in various other science and engineering
ﬁelds. This imaging technology is now emerging in the ﬁeld of food engineering to investigate
the quality parameters of products with complex microstructure (De Chiﬀre, Carmignato,
Kruth, Schmitt, & Weckenmann, 2014). For instance, the microstructure of a variety of aer-
ated foods (aerated chocolate, muﬃns, mousse, marshmallows) were visualized and analyzed
by micro-CT for determining the spatial cell size distribution, cell wall thickness distribution,
connectivity, and voidage. Moreover, micro-CT has also been used as a screening tool during
plant breeding by exploring fruit tissue microstructure (Cantre et al., 2014).
The main objective of our study was to use X-ray micro-computed tomography method to
gain a better understanding of microstructural characteristics (pore size distribution, con-
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nectedness, porosity, and tortuosity) during frying of potatoes and establish their relationship
with oil transportation in the potato matrix. Oil and air content measured from image anal-
ysis were compared with conventional analytical methods (Soxtec and Pycnometry). This
technique was selected because of its capability to study the internal 3D structure of the
material to obtain detailed quantitative data. Moreover, this method is non-invasive and
requires minimal sample preparation (Shanti et al., 2014a).
2.3 Methodology
2.3.1 Sample Preparation
The potatoes of Russet variety were obtained from a local grocery store. The samples were
stored at room temperature for approximately 1-3 days before using them for experiments.
Potatoes were peeled using a stainless steel potato peeler and were cut into circular discs using
a slicer and a core cutter. Diameter of all of the discs was about 45 mm and the thickness
was about 1.65 mm. The samples were fried for frying times ˘ 20 s, 40 s, 60 s and 80 s,
respectively, in 2.5 L of soybean oil heated to 190◦C. The frying was carried out in a bench-
top deep fat fryer (Hamilton Beach, Model: 35033, Virginia, U.S.A), having an oil capacity
of 3 L and temperature accuracy of ±5◦C. Three sample discs were fried in a single batch and
each batch was replicated ﬁve times for each frying time. Therefore, 15 fried sample discs
were prepared for each frying time. After frying, 6 of the fried samples were immediately
used for moisture content determination. The remaining fried samples went through further
processing for oil and air content determination using Soxtec and pycnometer, respectively
and for image acquisition using micro-CT scanner, MicroXCT-200 (Xradia Inc., Pleasanton,
CA, USA). For pycnometry and micro-CT scanning, rectangular shaped freeze dried samples
were prepared. In comparison, to carry out Soxtec oil extraction, fried potato discs were
crushed and dehydrated based on AOAC method no. 934.01 (Oﬃcial method of analysis of
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AOAC International, 1995). Both freeze dried and dried powdered samples were stored in
the air tight sealed bags at room temperature until their use for various experiments.
2.3.2 X-ray micro-CT imaging
The X-ray micro-CT scanning of each fried potato disc was performed to image the mi-
crostructural changes during frying. Prior to scanning, the potato discs of 45 mm diameter
and 1.65 mm thickness, were cut into small rectangular strips ≈ (20 mm X 10 mm X 1.65
mm). Later the discs were dehydrated using a vacuum freeze dryer (FreeZone 6, Labconco
Co., Kansas City, Missouri, USA) for 24 hours to prevent the shrinkage during scanning.
The scanning was performed in the Microscopy Suite of Beckman Institute at University
of Illinois at Urbana-Champaign. The high-resolution micro-CT scanner (MicroXCT-200,
Concord, CA, USA) used for imaging experiments had a 4x magniﬁcation and power source
of 10 W at 63 kV and 158 µAo. The exposure time was 1 sec, and rotating angle was from
0 to 180◦ that generated 982 image slices with a voxel size of 3.34×3.34×3.34 µm. The
resolution of each image was 980 X 1002 pixels. The obtained images were reconstructed
into a series of 2D images using the reconstruction software, (Xradia software, Xradia Inc.,
Pleasanton, CA, USA), XMController and XMReconstructor (Figure 2.1).
2.3.3 Oil and air content determination using conventional lab tech-
niques
Oil content and air content in potato samples were also measured by using traditional ex-
perimental methods and compared with image analysis based results. These experiments
were done in triplicate. The oil content (volume basis) of potato discs was measured by
oil extraction using Soxtec apparatus (Soxtec 1043 HT6, Tecator, USA) based upon AOAC
method no. 991.36 (Oﬃcial method of analysis of AOAC International, 2000). For oil
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extraction, the powdered dry samples were used, which were prepared by crushing them in a
coﬀee grinder followed by dipping in liquid nitrogen and drying in a hot-air convection oven
for about approximately, 12 hours (Oﬃcial method of analysis of AOAC International,
1995). After drying, one gram of the powder sample was placed in a cellulose thimble, which
was later inserted in the Soxtec extraction unit for oil extraction. Oil from samples was
extracted in an aluminium cup with petroleum ether.
The volume fraction of oil was determined using the following equation (Bansal, Takhar, &
Maneerote, 2014) :
εo =
Vo
VT
=
Moρs(1− φ)
ρo
(2.1)
Here, Vo is the volume of oil in a diﬀerential volume, VT is the total diﬀerential volume, Mo
is the mass fraction of oil on dry basis, ρs is the solid density of potatoes (Wang & Brennan,
1995a), ρo is the density of oil (Noureddini, Teoh, & Clements, 1992) and φ is the porosity
of sample.
The air content (volume basis) of the fried potato discs was measured using pycnometry.
For this method, the sample preparation was the same as discussed in section 3.2, where the
rectangular shaped fried samples were freeze-dried in a vacuum freeze dryer to make them
moisture free. The volume of solid phase was determined by using the following equation
( 3.14) using a gas multipycnometer (Multipycnometer, Quantachrome Instruments, Florida,
USA) operated with Nitrogen gas at 118 Kpa. The multipycnometer measures the true
volume of a solid material by applying Archimedes principle of ﬂuid displacement and Boyle's
Law of gas expansion.
Vs = Vc − Vr
[(P1
P2
)
− 1
)]
(2.2)
Where, Vs is the volume of solid sample and oil(cm
3), Vc is the volume of sample cell holder
(cm3), Vr is the reference volume (cm
3), P1 is the pressure reading after pressurizing just
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the reference volume, and P2 is the pressure reading after expanding gas into the sample cell
holder.
Next, the bulk volume of a sample (oil+air+solid) was obtained using volumetric replacement
method by glass beads of 1 mm diameter. The sample was placed in a graduated cylinder
ﬁlled with glass beads and tapped 50 times until a constant volume was achieved (Hwang
& Yakawa, 1980). By subtracting the volume of solid from the volume of total sample, the
volume of air was calculated.
The moisture content of the fried potato discs was also measured using a moisture me-
ter. The fried samples precooled in liquid nitrogen were grinded into powder using a coﬀee
grinder to obtain homogeneous powder mixture. The powdered samples were then analyzed
for moisture content using an automatic moisture analyzer (Model: OHAUS MB35, OHAUS
Corporation, Parisppany, NJ). The moisture analyzer was calibrated against AOAC method
no. 934.01 (Oﬃcial method of analysis of AOAC International, 1995). The prepared pow-
dered samples of 0.5 grams were spread in the aluminum pans and placed inside the moisture
meter. A sample was heated at 105◦C inside the moisture meter until its weight became
constant. The moisture content values measured by the moisture meter were converted to
the equivalent AOAC method no. 934.01 based values using the calibration curve. The
obtained moisture content values were converted from mass basis into volume fraction basis
using the following equation (Bansal et al., 2014):
εw =
Vw
VT
=
Mwρs(1− φ)
ρw
(2.3)
Here, Vw is the volume of water , VT is the total volume of sample, ρs is the solid density of
potatoes; ρw is the density of water, φ is the porosity of sample and Mw is the mass fraction
of water on dry basis.
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2.3.4 Image processing and analysis
Figures 2.2 and 2.4 demonstrate the main steps followed during image processing to do
the quantitative analysis and 3D view rendering. After acquisition and reconstruction of
2D grayscale images, the important steps were image contrast adjustment, image masking,
segmentation of pores, oil, and air, and their quantitative measurement. The image contrast
of 2D image slices was increased and adjusted using imadjust function of Matlab (ver 7.13,
Mathworks Inc, Natick, MA) (Figure 2.3) to obtain a clear distinction between air-ﬁlled
pores and oil-ﬁlled pores from the solid portion of the sample so that these pores and solids
could be selected manually later in Avizo. We used the linear map of contrast (gamma=1)
adjustment using imadjust function of Matlab. The parameters of the image-contrast were
selected manually by changing the contrast in Adobe Photoshop (Adobe Inc., Mountain
view, CA) for ten images ﬁrst. The parameters were chosen in Adobe Photoshop in such a
way that the air-ﬁlled pores, oil-ﬁlled pores and solid portion of the sample could be easily
distinguished visually. Later, the parameter values determined using Adobe Photoshop were
converted for using with imadjust function of Matlab for batch processing of images.
Next, Avizo 9 (FEI Visualization Sciences Group, Hillsboro, OR) was used to perform further
image post-processing for 3D data analysis and 3D view rendering. For 3D image analysis,
ﬁrst the stack of 2D images was masked using binary masks to remove the background
(Figure 2.4b). In the 2D masked images, the intensity showed changes due to variation of
density between various phases (solid, oil and air) (Figure 2.5). Pores inside the sample
were detected by manual thresholding. For thresholding, the pixel range of the image was
selected so that only pores were highlighted to create binary images. However, based on our
visual judgment it was observed that during thresholding some noise were also highlighted.
Therefore, the optimum noise ﬁltering was performed in the binary images by removing small
spots of size below 6 pixels, which did not erode a signiﬁcant numbers of pores. From the
binary images, a 3D view of pores as a solid network was rendered (Figure 2.4f). Similarly,
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a 3D view of pores as holes was also created by selecting the pixel range for solid portions of
a sample during thresholding (Figure 2.6b). Therefore, two kinds of 3D views were rendered
 potato disc showing pores as holes and pores as solids. Quantitative results for pore size
distribution were also obtained through manual image thresholding. Label analysis was
performed to compute equivalent diameter and volume for each pore of a 3D image (Figure
2.4e). The equivalent diameter of each pore was obtained by using the following equation:
D =
3
√
6 ∗ V3D
pi
(2.4)
Where, Deq and V3D are the equivalent diameter and volume of a pore, respectively. After
the individual analysis of pore diameter and volume, a histogram was plotted to represent
the pore size distribution.
The masked grayscale images were segmented for determining oil and air content. The
paintbrush and magic wand tool of Avizo software were used to label the oil and air content.
To reduce bias in this step, multiple evaluation attempts were made by the lead author
on diﬀerent days. In addition, four other people judged the images analyzed by the lead
author to ensure reproducibility of this step. The air and oil volume were determined from
the labeled images using Material statistics tool of Avizo software. Porosity, the volume
fraction of air (εa) and oil (εo) for diﬀerent sample conditions were calculated using the
following equations:
Φ =
V a + V o
V T
(2.5)
εα =
V α
V T
; where α = a, o
Hence, Φ = εa + εo
Here, Φ is the porosity of porous matrix in a representative elementary volume; a denotes
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air ; o denotes oil; V a is the volume of air, V o is the volume of oil , V T is the total volume
of sample and ε is the volume fraction of phase α ( α= a, o).
Tortuosity was obtained from segmented images using the following relationship (Shanti et
al., 2014b),
τ =
L
R
(2.6)
Where τ is the tortuosity; L is the length of a ﬂow channel (geodesic length) and R is the
straight line between two ends of a pore channel. The Centroid path tortuosity module of
Avizo was used, which computed the tortuosity of a path formed by the centroids on each
plane along the z axis of a binary 3D image. To obtain the binary image, threshold value
was set to highlight both air-ﬁlled and oil-ﬁlled pores of each plane.
A spatial graph consisting of nodes and segments, was used to show the pore networks. Here,
nodes represented branching points and end points, and segments were the representation
of curved lines connecting the nodes. Auto skeleton module of Avizo was used to perform
the skeletonization of the pore network to extract the image-data and provide centerline of
interconnected pore regions. The spatial graph of pore network was obtained from this image-
data and centerlines. A quantitative analysis for mean segment length was also performed
based on this pore network model where the average length of each segments were considered.
2.3.5 Statistical Analysis
Experimental oil and air content data were analyzed based on three replications (n=3)
using MS-Excel. Error bars representing standard error were used to show the variability
of the data for each frying time. However, for image analysis, the data were obtained from
one replication (n=1). Multiple samples could not be tested per frying treatment using
CT scanning as it is an expensive technique. In order to test the normality of pore size
distribution, Shapiro-Wilk test (Granato, de Araújo Calado, & Jarvis, 2014) was performed
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using Matlab version R2013b.
2.4 Results and discussion
The micro-CT images were investigated using image analysis to obtain the information on
change of pores, oil and air distribution in the potato discs fried for diﬀerent frying times.
These properties are the key parameters to solve the heat and ﬂuid transport models during
frying as well as to improve the product quality and texture of fried potatoes. This imaging
method was compared with the conventional experimental method to validate the results.
2.4.1 Pore size distribution
The 2D grayscale micrographs of potato discs before frying and after 20 s of frying were
compared (Figure 2.5). The raw potato disc slice consisted of numerous interconnected mi-
cro pores, while after 20s of frying, the number of pores reduced and the structure became
compact. This is expected to have occurred since the heat from frying oil caused gelatiniza-
tion of starch granules and release of biopolymers to ﬁll porous space (Sandhu & Takhar,
2015). As a result a compact structure with reduced number of pores formed, which is in
agreement with Reeve and Neel (1960a) and Spiruta and Mackey (1961a). It was observed
that the potato disc became soft in texture compared to the raw sample. Figure 2.5 also
shows that some pores in 20 s fried sample were larger than that of the raw sample. This
phenomenon is expected to have occurred due to vapor expansion and escape toward the
surface. When the vapors expand and try to escape during frying, they create cracks and
disrupt the small pores, which make the pores bigger in size.
The air-ﬁlled pores, oil-ﬁlled pores and solid structure were successfully determined by the
imaging method described in this article. Figure 2.5 shows that only air-ﬁlled pores are
detected before frying, while both oil-ﬁlled and air-ﬁlled pores can be observed after frying.
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Air-ﬁlled pores are represented by the black regions while the oil-ﬁlled pores are represented
by the gray colored regions of the grayscale image. This distinguished representation of air
and oil allowed us to calculate the air content, oil content and porosity of the potato disc.
The microstructural properties of potato discs change with time during deep fat frying. The
changes in pore size distribution and pore network at diﬀerent frying times are presented in
both 2D and 3D view (Figure 2.6). The grayscale 2D images of potato disc show a signiﬁcant
change in pore sizes and numbers with frying time during 20s to 80s of frying duration
(Figure 2.6a). In 20s fried sample, the larger pores formed near the surface. However, as the
frying progressed, the pore formation started to spread from the surface towards the core. At
80 s, the pores were located all over the matrix. During frying, ﬁrst the heat is transferred
from oil to the sample surface, which evaporates the moisture of the surface and makes it
dehydrated (Mellema, 2003; Singh & Mermelstein, 1995). As a result, the crust forms and
pores are created at the surface. Due to surface dehydration, the moisture diﬀusion takes
place from the core to the surface. The heat is transferred to the core and causes moisture
evaporation (Bansal et al., 2014). This heat and mass transfer phenomenon is expected to
have caused the spread of pore formation from surface to the core of the disc as a function
of frying time. It is also evident from 2D grayscale images that the number of bigger pore
sizes increased with frying time, which might have been due to vapor expansion and pore
disruption. From the 3D view of potato disc, we obtained a better understanding about
the pore size distribution. The 3D renderings also indicate considerable diﬀerences in pore
structure and pore connections as a function of frying time (Figure 2.6b and 2.7). These
ﬁgures elucidate that after 20s of frying some of the pores overlapped with each other; pore
disruption occurred; and as a result their size became larger as a function of frying time.
Additionally, the pore network model (Figure 2.6C) implies that the amount of connecting
path between pores increased with frying time because of new pore formation. In 20s fried
potato sample, the pore channels accumulated at the surface of the disc. However, with
frying time the channels expanded towards the core and at 80s, the pore network spread
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throughout the matrix. It implies that oil/moisture ﬂow path was created at the surface
ﬁrst and then spread toward the core with frying time.
The quantitative analysis of pore size distribution was obtained from image analysis. How-
ever, pores smaller than 3.34 µm could not be quantiﬁed due to 3.34 µm resolution of
acquired images. Due to the resolution limit, the non-normal pore size distribution was
observed, which was conﬁrmed by performing the Shapiro-Wilk test (p<.001). The pore
diameter values and pore counts of raw and fried potato discs followed a positively skewed
distribution (Figure 2.8). The pore diameter for the raw sample ranged between 4 to 100
µm while, for the fried samples the range was between 16 to 900 µm. In order to compare
the pore size distribution, the mean diameter, the total volume and total pore counts at
diﬀerent frying times are presented in Figures 2.9a, 2.9b and 2.9c. In raw potato sample,
the mean pore diameter was the lowest. It increased till 20 s and remained apparently con-
stant till 60 s. However, after 60 s of frying time, the diameter started increasing rapidly
(Figure 2.9a). The increase in pore diameter is associated with the expansion of vapors
during frying. During frying, water turns into vapors and tends to escape from the surface.
But some of the vapors may entrap in the porous matrix and expand, which may result in
disruption of pore structure (Kawas & Moreira, 2001; Moreira, Palau, Sweat, & Sun, 1995).
The pores disruption is also observed in 3D view of fried potato samples (Figure 2.6b). This
vapor expansion and pore disruption phenomena also contribute to the increase in number
of pores, pore volume, and hence increase in porosity. In Figure 2.9b, the number of pores
decreased till 60th s due to gelatinization, it started to increase later as a result of vapor
migration and expansion. As the number of pores and pore diameter increased, the total
volume of pores also increased with frying time. These factors were responsible for the de-
crease in mean length of connecting pathways between various pores as a function of frying
time (Figure 2.10). From the quantitative analysis of pore network model, the total length
of pore connecting path was observed to increase with frying time, which also increased ﬂuid
ﬂow path (Figure 2.11). The reduction in mean pathway length, created less tortuous path
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for oil/air ﬂow. Thus, the increase in number of pores may play a role in increase of oil pen-
etration into the potato structure or an increase in crispiness by allowing air to penetrate
the pores through the less tortuous pore channels of potato disc.
It is important to characterize the porous structure in terms of pore counts, size and pore
path to obtain a good understanding of the mass transfer mechanisms during frying. These
microstructural properties are also important to analyze the oil uptake and texture develop-
ment via mathematical models.
2.4.2 Oil and air distribution
Figure 2.12 shows the change of oil, air and moisture content in potato discs during frying
(20s-80s). The oil content increased, and moisture content decreased as a function of frying
time as expected. Gamble, Rice, and Selman (1987) noted that as the frying continues,
the vapors start to form inside the potato matrix. As a result, pores and cracks are formed
through which vapors escape, and oil penetrates to compensate for the water loss. Therefore,
the increase of oil content is inﬂuenced by the moisture loss.
Although initially the air content decreased till 20 s of frying time due to gelatinization,
after that it started to increase. The dehydration of potato matrix and the cell rupture due
to vapor migration were responsible for the air content trend. The 3D view of the potato
disc fried at 40 s and 60 s supported the idea of pore disruption and merging that may also
increase air content (Figure 2.6b). As porosity involves both oil and air volume fractions, its
value also increased with frying time (20s-80s) due to increase of air content. The porosity
and pore distribution were evaluated to illustrate their eﬀect on oil uptake during frying.
The volume fraction of oil increased with the increase in porosity and decrease in tortuosity
(Figure 2.13). Hence, increase in oil content was also inﬂuenced by the tortuosity. Tortuosity
describes the oil ﬂow path. Lower tortuosity value implies less complicated and sinuous paths
that pose lower resistance to ﬂuid ﬂow (Vallabh, Banks-Lee, & Seyam, 2010b). Therefore,
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in the present study, increase in oil penetration was observed with decrease in tortuosity
(Figure 2.14). Additionally, from pore network model (Figure 2.6c), it was also evident that
pore path lengths increased as a function of frying time, which resulted in increase of both
oil content and porosity. A linear relationship with negative slope was observed between
tortuosity and porosity (Figure 2.15), which shows that tortuosity decreased with increase of
porosity. Decrease in tortuosity was attributed to the increase in pore counts, which resulted
in less sinuous path.
2.4.3 Comparison of image analysis based on oil and air content
with Soxtec and Pycnometry method
Figures 2.16 and 2.17 show the comparison of oil and air content data obtained from image
analysis with data obtained using Soxtec apparatus and pycnometer, respectively. The trend
of oil content at diﬀerent frying times was similar for both imaging and experimental methods
(Figure 2.16). In both methods, oil content increased with frying time. However, the air
content trend showed a slight diﬀerence between imaging and pycnometry based methods
(Figure 2.17). Pycnometer may not have been able to measure the air content accurately due
to the presence of oil inside the sample. During pycnometry, when nitrogen gas was ﬂowing
inside the sample, it may have also blown some oil partially, which may have introduced error
in the air measurement. In the imaging method, the air and oil content were distinguished
clearly.
The image analysis method also has its limitations in measuring oil and air content due to
the resolution limit. As the resolution of micro-CT was 3.34 µm, the oil and air entrapped
in pores smaller than this resolution were not detected. Moreover, the imaging method was
unable to quantify the moisture in potato discs. Because micro-CT method required moisture
free sample for scanning to avoid the shrinkage of the structure, the samples were freeze-
dried before imaging. In addition, due to size of the water molecules being smaller than
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resolution of micro-CT, they cannot be measured using this technique. However, we note
that both micro-CT based imaging and conventional lab techniques provide complementary
information.
2.5 Conclusions
The X-ray micro-CT imaging method in the analysis of pore size distribution of potato
discs during frying is established as a useful tool in this study. This method was successful
in imaging the microstructure of thin (≈ 1.7mm) potato discs. This technique was non-
invasive, required minimal sample preparation and rendered the full 3D structure of potato
discs that allowed analyzing for microstructural changes in potato matrix and oil penetra-
tion as a function of frying time. In addition, the successful comparison of the micro-CT
imaging method by the results derived from conventional laboratory techniques such as oil
content measurement using Soxtec and air content measurement using pycnometer, made
this method more reliable. For both imaging and conventional methods, the oil content and
air content increased with frying time (20 s - 80 s). The microstructural properties including
pore characteristics, porosity and tortuosity, were investigated to understand the oil trans-
portation in fried potato discs. During frying, the pore size continued to increase with frying
time. The pore diameter was in the range of 16 to 900 µm during 20 s-80 s of frying time.
The number of pores also changed as a function of frying time. As frying continued, the
number of pores initially reduced till 20 s, and increased afterwards. Transport phenom-
ena of oil during frying were considerably aﬀected by the changes in potato microstructure.
From pore size distribution analysis, it was observed that porosity increased with frying
time, which was attributed to lower tortuosity values. As a result, more oil was absorbed
into the potato matrix. An inverse linear correlation between oil content and tortuosity were
also established.
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The detailed quantitative information obtained from micro-CT scanning can help in mathe-
matical modeling that can be used to understand and control other quality parameters, and
textural properties of fried foods.
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Figure 2.1: Reconstructed 2D grayscale image in a stack (Dimension: ≈ 7 mm X 2 mm X
1.6 mm)
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Figure 2.2: The ﬂow chart depicting image processing and analysis steps
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Figure 2.3: The 2D grayscale images (a) Before contrast adjustment; (b) After contrast
adjustment
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Figure 2.4: Image processing steps of X-ray microCT data of fried potato disc (a) Grayscale
image orthoslice (b) Image masking (c) segmentation of pores by manual threshold (d)
Pores ﬁltering (e) Pores labeling (connected set of pores are labeled with same color) (f) 3d
rendering of pores
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Figure 2.5: Microtomographs of potato discs before (a) and after (b) frying
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Figure 2.6: (a) X-ray microtomograph of potato discs fried at diﬀerent frying times (3.34 X
3.34 X 3.34 µm voxel size) (b) 3D image of potato discs, showing pores as holes (c) Pore
network model
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Figure 2.7: The 3D image of 20s and 80s fried potato discs showing pores as solid network
(connected set of pores are labeled with same color)
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Figure 2.8: Pore size distribution (equivalent diameter of pores) at diﬀerent frying times
(imaging method)
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(a) Mean pore diameter at diﬀerent frying times (b) Total pore counts at diﬀerent frying times
(c) Total pore volume at diﬀerent frying times
Figure 2.9: Pore size distributions based on pore mean diameter, pore counts and pore
volume
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Figure 2.10: Mean pore length (connecting path between pores) at diﬀerent frying times
Figure 2.11: Total pore connecting path length at diﬀerent frying times
31
Figure 2.12: Volume fraction of oil, air and moisture measured using Soxtec, pycnomtery
and moisture meter method, respectively as a function of frying time
32
Figure 2.13: Volume fraction of oil, porosity(εo+εa) and tortuosity at diﬀerent frying times
(imaging method)
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Figure 2.14: Change of volume fraction of oil with tortuosity (imaging method)
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Figure 2.15: Relationship between tortuosity and porosity (imaging method)
35
Figure 2.16: Comparison of image analysis (n=1) based on oil content with Soxtec method
(n=3)
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Figure 2.17: Comparison of image analysis (n=1) based on air content with Pycnometry
method (n=3)
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Chapter 3
Water and Oil Permeability of
Poroelastic Potato Discs
3.1 Abstract
The aim of this study was to determine the permeability of water and oil through porous
potato discs by developing an engineering model using Darcy's law relation, mass balance
equation and poroelasticity relations at temperatures between 25oC to 80oC. A ﬁnite element
package was used to solve these equations in order to obtain the ﬂow velocity at diﬀerent
pressure levels. The water permeability values were in the range of (2 to 4) x10−15 m2
for the temperature range from 70oC to 80oC, and the oil permeability values were in the
range of (2 to 12)x10−15 m2 for the temperature range from 25oC to 70oC under the applied
pressure range of 138 to 345 kPa. The moisture and oil content of potato disc were measured
experimentally both before and after each permeability experiment. An Arrhenius model was
used to represent permeability as a function of water or oil content, and temperature. The
velocity-pressure gradient data of oil and water through potato disc exhibited a threshold
pressure gradient, which needed to be overcome to initiate ﬂuid ﬂow.
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Nomenclature
vα Fluid velocity(ms−1)
µα Dynamic viscosity of ﬂowing ﬂuid (Pa.s)
Kw Water permeability of potato (m2)
Ko Oil permeability of potato (m2)
Mo Final oil content of potato (g/g solids)
Mw Average moisture content of potato (g/g solids)
ρw Density of water (g/cm
3)
A, B, ko, kwo Constants
∇P Pressure gradient (kPa)
J Threshold pressure gradient (kPa)
db Dry basis (g/g solids)
wb Wet basis (g/g Total)
MSE Mean Squared Error
R2 Determination of coeﬃcient
σ Stress (Pa)
E Coeﬃcient of elasticity (Pa)
 Strain tensor
u Displacement (m)
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3.2 Introduction
Food processes like frying, drying, solvent extraction, microwave heating, baking, membrane
separation and reverse osmosis have signiﬁcant pressure development. Permeability is an
important physical property for studying transport mechanism of porous foods when pressure
driven ﬂow is involved. Permeability is a property that indicates the ability of a ﬂuid to ﬂow
through a material as a result of pressure gradient. High permeability of a material will allow
ﬂuid to move rapidly. Permeability is aﬀected by the nature of porous material and ﬂowing
ﬂuid, and factors like temperature, oil content, moisture content, gas content etc. A porous
food matrix consists of interconnected pores through, which ﬂuid can move (Datta, 2007).
During frying of a porous food matrix, like potato, moisture, oil and heat transport occur
with temperature and pressure changing spatially and temporally. Initially, the pressure
increases rapidly after immersing the potato samples into the hot oil for frying. As potato
discs contain higher moisture content in the beginning, the pressure rise is high initially due
to rapid evaporation and build up of pressure (Sandhu, Bansal, & Takhar, 2013b). Later,
the vapors escape the matrix and cause negative pressure inside the potato structure due to
matrix's suction potential and capillary eﬀects. The negative pressure causes increase of oil
uptake during frying. After frying, when the cooling starts, the pressure decreases further.
This negative pressure aids in absorption of oil at the surface during both frying and post
process cooling. Therefore, oil uptake and pressure development during frying are correlated
(Sandhu et al., 2013b). In other applications such as microwave heating and baking, pressure
is generated due to evaporation (Ni & Datta, 1999b, 1999a). During oil extraction from a
porous food matrix, the applied pressure squeezes out the ﬂuid (Datta, 2006). In the later
stages of drying, water moves due to negative capillary pressure in an unsaturated solid
(Datta, 2006).
Despite of its importance, permeability of foods has not been widely measured. For extensive
research in the ﬁeld of transport mechanisms in food materials, permeability values are
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needed. For example permeability values for fried foods are needed for modeling oil uptake
during frying. Datta (2006) ﬁrst measured the permeability of water in potato and muscle
tissues to be in the range of 10−17-10−19 m2 at room temperature. Hence, for numerous
applications, permeability is an important property, which plays a role in transport of oil
and water in the porous food matrix in the presence of pressure gradient. Permeability
is also a key parameter in tissue engineering, petroleum engineering, soil science and in
biomedical applications. Diﬀerent methods are adopted for diﬀerent samples in diﬀerent
ﬁelds. In bone tissue engineering, the permeability of porous scaﬀold or tissue was measured
by perfusion system in several studies, either by constant or falling head method (Haugen
et al., 2004; Kohles et al., 2001; Jeong, Zhang, & Hollister, 2011). Computational Fluid
Dynamics (CFD) and semi empirical Kozeny equation have also been used to predict the
permeability of scaﬀolds (Truscello et al., 2012). Permeation test is another common method
used for measuring permeability of biological soft tissues and gels. In permeation test, the
permeability can be determined directly by measuring the amount of ﬂuid ﬂow through the
porous material in a given time under an external applied pressure, as obtained by Darcy's
law (3.1) (Bear, 1972):
vα = −K
α
µα
∇P (3.1)
where, vα is the apparent ﬂuid ﬂow velocity (m/s), Kα is the permeability of potato (m2),
µα is the dynamic viscosity of ﬂowing ﬂuid α (Pa.s), and∇P is the pressure gradient vector
(Pa/m). The objectives of this study were to determine both oil and water permeability
of potato discs at diﬀerent temperatures. The change of thickness and weight was also
investigated in each case.
41
3.3 Methodology
3.3.1 Experimental method for ﬂow rate measurement
Sample Preparation
The potatoes of Russet variety were obtained from a local grocery store. The samples were
stored at room temperature for approximately 1-3 days before using them for experiments.
The potatoes were peeled using a stainless steel potato peeler and were cut into circular
discs using a slicer and a core cutter. The diameter of all the discs was about 45 mm and
the thickness was about 1.45 mm - 1.80 mm. In this study, tap water and soybean oil were
used to measure their ﬂow rate as a function of pressure drop through potato disc.
Experimental set-up
For each experimental run, a potato disc was placed in the sealed steel column of membrane
cell, immersed in water or oil (Figure 3.1). A schematic diagram of the experimental setup
is shown in Figure 3.1. A high-pressure resistant with porous membrane disc, SEPA ST
membrane cell (Osmonic Inc., Minnetonka, MN) was used to ﬂow the water or oil through
potato disc under applied pressure. The maximum withstanding pressure of this cell is 5500
kPa at 121oC. For each experimental run, a potato disc was placed on top of the porous
membrane disc of the cell. Next, the cell column was ﬁlled with ﬂuid (water or oil) and
placed in a water bath for attaining the desired temperature. After the column had been
equilibrated at a desired temperature, it was sealed with the help of couplings and O-rings. A
nitrogen gas cylinder was connected to the top of the cell for providing a constant pressure,
which caused ﬂuid ﬂow through the membrane. The permeated liquid was collected in
a beaker placed in a weighing balance at atmospheric pressure. The ﬂuid was collected
continuously under applied pressure, and its weight was recorded by using a weighing scale
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connected to a data logger. The steady ﬂuid velocity for both water and oil ﬂow through
potato disc was determined for each applied pressure. In case of pressure-driven oil ﬂow
the ﬂuid velocity was measured for the temperature range of 25oC to 70oC and during the
pressure-driven water ﬂow, the ﬂuid velocity was recorded for the temperature range of 70oC
to 80oC because below 50oC, there was no initiation of water ﬂow.
An important precaution for this setup was that it had to be sealed properly at various
joints for maintaining the applied pressure drop during an experiment. After initial trials,
the applied pressure was selected not to be too high to prevent detaching of particles from
the potato matrix. The maximum applied pressure drop was 345 kPa. In some experimental
runs, for which the ﬂow rate through the duration was not steady, were discarded. Also, the
change in thickness and weight of potato disc were recorded for each experimental run.
3.3.2 Determination of Moisture content and oil content
The moisture content of the fried potato discs was measured from the crushed fried samples.
The fried samples that were precooled in liquid nitrogen were grinded into powder using
a coﬀee grinder to obtain homogenous powder mixture. The powdered samples were then
analyzed for moisture content using an automatic moisture analyzer (Model: OHAUS MB35,
Ohaus, Switzerland). The moisture analyzer was calibrated against (AOAC, 1995), method
no. 934.01 (Oﬃcial method of analysis of AOAC international). The prepared powdered
samples of 0.5 grams were spread on the aluminum pans and placed inside the moisture
meter. The samples were heated at 105◦C inside the moisture meter until their weight became
constant. The moisture content values measured by the moisture meter were converted to
the equivalent AOAC method no. 934.01 based values using the calibration curve.
Oil content measurement was performed using the SOXTEC apparatus (Soxtec 1043 HT6,
Tecator, USA) based upon (AOAC, 2000), method no. 991.36 (Oﬃcial method of analysis
of AOAC international). For the oil extraction, the powdered dry samples were used, which
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were prepared by crushing them in the coﬀee grinder followed by dipping in liquid nitrogen
and drying in a convection oven for about 2 hours. After drying, one gram of the powdered
sample was placed in a cellulose thimble, which was later inserted in the Soxtec extraction
unit for oil extraction. Oil from the samples was extracted in an aluminium cup with
petroleum ether.
3.3.3 Engineering model for permeability measurement
Permeability value was obtained from the predicted velocity-pressure gradient curves by
using a commercial ﬁnite elements software package (COMSOL Multiphysics 5.0; Comsol
Inc., Burlington, MA). During pressure driven ﬂow through the porous media, ﬂuid velocity
depends on the ﬂuid permeability of the matrix. Under the applied pressure ﬂuid ﬂow also
aﬀects the structural deformation that causes structural displacement. The model takes into
account both pressure driven ﬂow and structure deformation to predict the appropriate ﬂuid
velocity and obtain corresponding permeability values.
Assumptions
The mechanism of pressure driven ﬂow was assumed to follow Darcy's law. The system was
taken as steady state and the deformation of potato discs during experiments was assumed
to have poroelasticity relations because the steady state part of pressure and ﬂow rate data
was used for estimating permeability. The potato sample was also assumed to be isotropic
and constant values for density, porosity and Young's modulus were used in the model. The
gravitational forces were disregarded due to their negligible value in comparison to the forces
applied by nitrogen gas under high pressure.
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Governing equations
The permeability model solved the equations of Darcy's physics and poroelasticity relations
to determine the ﬂuid velocity and displacement of the sample structure under applied
pressure. Darcy's law deﬁnes the velocity (vα) of ﬂuid phase (α= w,o) driven by pressure
gradient through interstices in a porous medium. The model performed the mass balance on
ﬂuid phase ﬂowing with velocity governed by Darcy's law. The Darcy's law equation (3.1)
was combined with continuity equation (3.2) to provide a complete mathematical model for
predicting porous media ﬂows. The equations are (Takhar, 2014):
∂
∂t
(ρεp) +∇.(ρvα) = Qm , where (3.2)
vα = −K
α
µα
∇P .
Here, vα is the velocity (ms−1), Kα is the permeability of the porous medium (m2), µα is the
dynamic viscosity (Pa.s) of ﬂuid α and P (Pa) is the pressure, ρ is the ﬂuid density (kgm−3),
εp is the porosity, and Qm is the mass source term (kgm
−3s−1). Since, the study was time
independent and steady state, ∂
∂t
(ρεp) term is zero. Qm was also taken as zero, since there
was no source or sink of ﬂuid in the matrix.
For predicting the structure displacement of potato disc under the applied pressure, an
equilibrium momentum balance equation, a constitutive equation relating stress and strain,
and a kinematic equation relating displacement to strain were taken into account (Marchidan,
Sullivan, & Palladino, 2012). The tensor form of momentum balance equation from Newton's
second law is (assuming the system is steady-state) :
∇.σ = Fv (3.3)
where, σ is the stress and Fv is the body force per unit volume.
45
The stress-strain constitutive equation is obtained from Hooke's law :
σ = E (3.4)
where, E is the coeﬃcient of elasticity and  is the strain tensor. The kinematic relation
between the linear strain () and displacement (u) are:
 =
1
2
[∇u+∇uT ] (3.5)
u = [ux, uy, uz]. (3.6)
The predicted ﬂuid velocity from the ﬂuid ﬂow model determined the appropriate perme-
ability values, and the structural displacement elucidated the structural deformation under
the applied pressure.
Initial and boundary equations
Since the problem was solved as stationary, initial conditions were not needed. There was no
ﬂow on the right side (boundary 2) of the sample disc, attached with the column (Figure 3.2).
The upper side (boundary 1) of potato slice was at the applied pressure (P1) used in an
experimental run and the bottom side (boundary 3) was at the atmospheric pressure (Patm).
While determining the structural displacement of a disc, the pressure applied to the top and
bottom were considered as boundary loads. Therefore, from momentum balance equation,
σ.n = FA (3.7)
FA = −Pn (3.8)
where, FA is the applied force per unit area and P is the pressure. The roller boundary
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condition was used for the bottom and right sides i.e. boundary 2 and 3 of the disc because
the right side was attached with the column and bottom side was attached with the porous
membrane disc. Roller boundary condition implies that there was no displacement in the
direction perpendicular to these two boundaries (Figure 2.1):
n.u = 0 (3.9)
The initial displacement value for the potato disc was also taken as zero because the material
points in the matrix were stationary at time, t=0. Hence,
ui = 0 (3.10)
Material properties
The material properties used in the model are listed in Table 3.1. In this study oil and
water ﬂowed through the potato disc under applied pressure. Hence, the properties of oil,
water and potato were used in the model to solve the porous media ﬂow and structural
displacement equations.
Numerical solution
The equations for porous media ﬂow and solid mechanics were solved using a commercial
ﬁnite element software package, (Comsol Multiphysics, Comsol Inc., Burlington, MA). A
mapped mesh was used with predeﬁned distribution type and 50 elements with an element
ratio of 0.5. The solution was obtained using the MUMPS solver. The relationship between
the permeability and velocity was predicted by the parametric sweep of permeability values.
The permeability values were varied in the range from 1x10−14 to 1x10−17. The predicted
velocities for diﬀerent permeability values at each pressure point were obtained from the
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mathematical model. Three-four sets of velocity-pressure gradient data from model were
acquired by varying the permeability values. The obtained velocity-pressure gradient curves
for diﬀerent permeability values are presented in Figures 3.3- 3.9. The permeability value was
determined from predicted velocity-pressure drop curves that exhibited least Mean Squared
Error (MSE) with experimental data points. The MSE was calculated as,
MSE =
1
n
n∑
i=1
(Xexp −Xpred)2 (3.11)
where n is the number of experimental data points, Xexp is an experimental value of velocity
and Xpred is the predicted value of velocity for a given pressure drop.
3.4 Data Analysis
The experimental velocity data of pressure-driven oil and water ﬂow were analyzed based
on three replications (n=3). For each replication, the ﬂow rate was collected at every 5 sec
interval. Fifty data points of ﬂow rate were used to calculate the average value for each
pressure drop after it reached steady state ﬂow. Two-way ANOVA (time × pressure) at a
signiﬁcance level of 0.05 was performed using statistical analysis tool (R version 3.1.1, 2014,
The R Foundation for Statistical Computing) to analyze the eﬀect of time and pressure on
the ﬂuid velocity. The analysis indicated that the ﬂuid velocities at a given pressure did
not change signiﬁcantly (p>0.1) with time during constant ﬂow period, which implies that
the steady state assumption was valid. However, the pressure eﬀect on ﬂuid velocity was
found to be signiﬁcant (p<.0001). The error bars representing the standard error were used
in Figures 3.3 - 3.9, to show the variability of the experimental data for each pressure level.
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3.5 Results and Discussions
The velocity-pressure gradient graphs from engineering model and experiments are presented
to compare and investigate the ﬂow trends under applied pressure at diﬀerent temperatures.
The permeability values of oil and water through potato disc, obtained from graphs were
analyzed as a function of temperature, and an Arrhenius equation based model was also es-
tablished correlating permeability values with ﬂuid content (moisture/oil) and temperature.
3.5.1 Graphical analysis and comparison between engineering model
and experiments
The graphical analysis of ﬂuid velocity-pressure gradient curves revealed the trend of ﬂuid
velocities at diﬀerent applied pressures in comparison to the experimental data. The pre-
dicted velocity-pressure gradient curves obtained by varying Kw and Ko from the model are
shown in Figures 3.3 - 3.9. In general, all the ﬂow rate-pressure gradient plots show an
x-axis intercept. There is a threshold pressure gradient ∆P = J in each curve, below which
there is no ﬂow. After the threshold gradient is crossed, the curves follow Darcy's law. By
applying generalized Darcy's law equation the ﬂuid velocity can be obtained :
v =
 0, if ∆P ≤ JK(∆P − J), if ∆P > J (3.12)
The purpose of comparison between model and experimental ﬂow ratepressure gradient
curves was to determine the permeability values. The predicted data having least mean
squared error (MSE) with experimental data were considered to have best ﬁt, and were used
to obtain permeability (K) values. The least MSE for best ﬁt curves were found in the range
of 4 × 10−7 to 60 × 10−12. The predicted ﬂow rate-pressure drop curves also did not pass
through the origin and followed the similar increasing trend.
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3.5.2 Oil and water permeability data and structural changes of
potato disc
The oil permeability values of potato discs, obtained from Figures 3.3−3.6 for four tem-
peratures (25oC− 80oC) are shown in Table 1. As can be seen the oil permeability values
increased with temperature and were found in the range of (2 to 12) x10−15 m2. To our
knowledge, the oil permeability values of potatoes have not been measured experimentally
in the past. Datta (2006) found the water permeability of potato and meat tissues to be in
the range of 10−17−10−19 m2 at room temperature.
The reason for the increase of oil permeability with temperature is expected to be the break-
ing of hydrogen bonds of potato starch granules with increasing temperature. Potato struc-
ture consists of starch granules that are bonded together by hydrogen bonds. The hydrogen
bonding provides rigidity to the potato matrix (Olkku & Rha, 1978). However, when gela-
tinization process initiates, hydrogen bonds break and make the structure compact and soft
(Reeve & Neel, 1960b; Spiruta & Mackey, 1961b). During gelatinization heat vibrates the
starch molecules and promotes the disruption of hydrogen bonds that cause plasticization of
starch molecules (Biliaderis, 1991). This phenomenon is expected to enhance the ﬂuid mo-
bility and increase the permeability value. Aguilera, Cadoche, López, and Gutierrez (2001b)
observed that gelatinization temperature of potatoes was above 70oC. In our study, the max-
imum permeability of oil was found to be 12× 10−15 m2 at 70oC due to gelatinization. The
threshold pressure gradient, J was obtained from the velocity-pressure gradient curve for
these temperatures and were found in the range of 103 kPa − 248 kPa (Table 3.2). J is the
minimum pressure gradient to initiate the ﬂow. At 70oC, J value was lesser compared to that
of 25oC. It elucidated that the threshold pressure gradient decreased at higher temperature
due to increase of matrix mobility.
In comparison with raw potato, the moisture content of the sample was observed to decrease
after each experimental run with oil ﬂow at four temperatures (Table 3.2). This could have
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occurred because the moisture in the matrix is expected to have swept away by the oil
ﬂow and pores previously occupied by water were partially replaced by oil. Moreover, oil
was partially absorbed into the potato matrix during ﬂow. The ﬁnal absorbed oil content
of potato disc was observed to decrease with the increase in temperature. Since the oil
permeability values increased as a function of temperature, the oil drainage is also expected
to have increased, which reduced the residual oil content.
In case of water, the permeability values were obtained in the range of (2 to 4) x10−15m2 for
the temperature range of 70oC− 80oC (Table 3.3). During experiments there was no initiation
of water ﬂow between 25oC to 50oC under the applied pressure of 138 kPa−345 kPa due to
impermeability of the potato matrix to water at lower temperatures. The middle portion of
raw potato disc was ruptured at the higher pressure (>350 kPA) because of its impermeable
behavior. When the raw potato disc was immersed in water under applied pressure at
temperature below 50oC, water might create hydrogen bonding with starch granules, which
increased the stiﬀness and prevented the water ﬂow. In our study the water ﬂow occurred at
70oC, which is expected to be due to loss of crystallinity and acceleration of gelatinization
process (Jenkins & Donald, 1998). Liu, Charlet, Yelle, and Arul (2002) also discussed about
the loss of crystallinity in the starch granules in presence of water. In that study, the loss
of birefringence of potato starch was found to begin at 50oC, which implied that there was
a loss of molecular orientation in the granules initiated at this temperature. The authors
postulated that the disruption of intermolecular hydrogen bonds in swollen granules was
responsible for the disappearance of crystalline regions above this temperature. Due to this
phenomena, we observed water ﬂow at 70oC and above, and thus measured permeability
at 70oC, 75oC and 80oC. The water permeability values did not change signiﬁcantly under
the applied pressure of 138 to 345 kPa with increase in temperature between 70oC−80oC
and the threshold pressure gradient, J values were found in the range of 118 kPa−172 kPa
for these three temperatures. The moisture content of a sample was observed to increase,
after the pressure-driven water ﬂow at these three temperatures (Table 3.3) compared to
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the raw potato. During ﬂow, water might diﬀuse partially into the structure. Hence, the
pressure-driven ﬂow inﬂuenced the moisture content of the potato matrix.
Both pressure-driven oil and water ﬂow caused structural deformation during the experi-
ments. The pressure-driven oil ﬂow compressed the disc, which increased as a function of
temperature (Table 3.4). This phenomenon is associated with the loss of rigidity of the
sample and decrease of the Young's modulus value with increase of temperature (Thussu
& Datta, 2012a). The pressure-driven water ﬂow caused swelling at 25oC and 40oC (Ta-
ble 3.5) and compression in the temperature range of 50oC−80oC under the applied pressure
of 138 kPa to 345 kPa. The swelling of potato disc might be caused by the hydrogen bond-
ing and swelling of starch granules (Da Silva, Ciacco, Barberis, Solano, & Rettori, 1996)
in the matrix. Water ﬂow above 50oC caused disruption of hydrogen bonding (Liu et al.,
2002) and softening of the disc for which compression occurred at these temperatures. This
potato−water interaction is a somewhat similar phenomena as clay−water interaction. In
the clay−water system, a rearrangement of water molecules takes place due to the surface
induced hydrogen bonding (Low, 1962; Miller & Low, 1963). As a result, water into the
clay system exhibits quasi-crystalline behavior. This behavior attributes greater rigidity
and viscosity to the water near the surface. Since similar phenomena were also observed
in the potato−water system, which prevented water ﬂow at lower temperatures (≤ 50oC),
the porous biopolymer potato may be compared with ﬁne-grained clay. The structural de-
formation was also calculated from the ﬁnite element model under the applied pressure.
The compression of the raw potato disc was observed to be 49% from the model at applied
pressure of 345 kPa (maximum pressure used in this experiment). Figure 3.10 presents the
displacement of the raw potato disc as a function of thickness and Figure 3.11 shows the
complete compression at this pressure.
The deformation data from both model and experiments might have some errors because
of limitations of both methods. During the experiments, the measurement of deformation
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was obtained by measuring the thickness of potato discs before and after applying pressure.
The measurement of thickness after releasing the pressure is expected to cause additional
displacement that would aﬀect the measured values. In the model, the displacement was
recorded when ﬂow was in progress. However, the model used constant Young's modulus
(E) that may introduce error because during ﬂuid ﬂow, moisture content changes, which is
expected to change E.
3.5.3 Oil and Water permeability equation model for potato
The water permeability (Kw) values of potato disc were correlated with moisture content of
potato sample and water temperature using the Arrhenius type exponential relationship :
Kw = kwoe
−A
T Mw (3.13)
Where, Mw is the moisture content (g water/g solids), T is the temperature (K), and A and
kwo are the constants. The Arrhenius type exponential relationship for oil permeability (K
o)
was also established, where the Ko values through potato disc were dependent on the ﬁnal
oil content of potato sample and oil temperature.
Ko = koe
−B
T Mo (3.14)
Where Mo is the oil content (g oil/g solids), T is the temperature (
oC) and B and ko are the
constants.
A linear regression procedure was used to estimate the constants for equation 3.13 and 3.14.
The constants calculated for oil and water permeability equation are shown in Table 3.6 and
3.2 respectively. Therefore, oil and water permeability value through potato disc can be
calculated from the permeability equations as a function of temperature and ﬂuid content
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(oil or water).
3.6 Conclusions
The permeability values of oil and water through potato disc, at diﬀerent temperatures, were
determined from engineering model by predicting ﬂuid velocity as a function of pressure. The
best ﬁt velocity-pressure gradient curves, exhibiting low MSE were obtained by comparing
predicted and experimental data. The water permeability values were found in the range of (2
to 4)x10−15 m2 for the temperature range from 70oC to 80oC and the oil permeability values
were in the range of (3 to 13)x10−15 m2 for the temperature range from 25oC to 70oC under
the applied pressure of 138 kPa to 345 kPa. From the model, compression was observed under
the applied pressure of 345 kPa. During experiments, pressure-driven water ﬂow and oil ﬂow
compressed the discs at these temperatures. However, during water ﬂow under the applied
pressure of (138 kPa-345 kPa), below 50oC, potato disc swelled and there was almost no
ﬂow through the potato disc due to the hydrogen bonding of starch granules with entrapped
water. Water ﬂow initiated after 50oC, due to the loss of crystallinity and disruption of
hydrogen bonding among starch granules, which also caused compression and loss of stiﬀness
of the potato discs. Besides, the deviation of Darcy's law was observed in both predicted and
experimentally obtained velocity-pressure gradient curves due to threshold pressure gradient.
Moreover, the pressure-driven ﬂuid ﬂow changed the moisture and oil content of potato disc
as a function of temperature. An Arrhenius model was established correlating the water
and oil permeability of potatoes with experimentally obtained moisture and oil content,
respectively. Therefore, the permeability equation obtained from this study can be used
with other mathematical models to work with various ﬂuid transport applications.
Modiﬁcations of the setup might provide more accurate ﬂuid velocity data. During exper-
iment, there was a lack of time consistency among each run which may change the potato
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texture and ﬂuid ﬂow rate. If the whole process could be made automated so that starting
time point, the time interval between each pressure point would be same, then more accurate
values can be obtained. Moreover, use of glass column would enable to measure the thickness
of the disc at the applied pressure point.
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Figure 3.1: A schematic of experimental setup for oil and water permeability measurement
for potato discs
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Figure 3.2: Boundary condition for Darcy's law equation (Pressure 1 = applied pressure,
Pressure 2 = atmospheric pressure)
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Figure 3.3: Oil permeability of potato at 25oC
Figure 3.4: Oil permeability of potato at 40oC
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Figure 3.5: Oil permeability of potato at 50oC
Figure 3.6: Oil permeability of potato at 70oC
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Figure 3.7: Water permeability of potato at 70oC
Figure 3.8: Water permeability of potato at 75oC
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Figure 3.9: Water permeability of potato at 80oC
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Figure 3.10: The displacement of raw potato disc as a function of thickness under the applied
pressure of 50 psi
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Figure 3.11: The compression of raw potato disc under the applied pressure of 50 psi
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Table 3.1: Material Properties
Parameter V alue Source
Density(kg/m3)
Water 838.466135 + 1.40050T − .0030112376T 2
+3.7182X10−7T 3 (Poling, Prausnitz,O′connell, etal.,2001)
Oil 1106.11− 0.64T (Esteban,Riba,Baquero,Rius, &Puig,2012)
Dynamic Viscosity (Pa.s)
Water 1.38− 0.02T + 1.36X10−4T 2 − 4.65X10−7T 3
+8.9X10−10T 4 − 9.08X10−13T 5 + 3.85X1016T 6 (Poling etal.,2001)
Oil (0.1569X10−5)(e3108/T ) (Santos, Santos, &Souza,2005)
Properties of Potato
Density(kg/m3) 1100 (Wang &Brennan,1995b)
Y oung′sModulus(MPa) 0.2 (Thussu &Datta,2012b)
Porosity 0.6 (Welti− Chanes &Aguilera,2002)
Poisson′sratio 0.4 (Bourne,2002)
Table 3.2: Oil permeability data and ﬂuid content of potato at diﬀerent temperatures
Temp
-erature
oC
Perm
-eability
Ko
×10−15
m2
MSE
×10−12
Threshold
pressure
gradient
J
kPa
Initial
moisture
content
g/gsolids
Final
moisture
content
g/gsolids
Initial
oil
content
g/gsolids
Final
oil
content
g/gsolids
db db db db
25 2 8 0.24 4.55 3.01 0 0.23
40 3 60 0.11 3.54 3.08 0 0.20
50 8 6 0.12 4.53 1.50 0 0.18
70 12 0.002 0.12 4.03 1.84 0 0.13
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Table 3.3: Water permeability data and ﬂuid content of potato at diﬀerent temperatures
Temperature
oC
Permeability
Kw
×10−15
m2
MSE
Threshold
Pressure
gradient
J
kPa
Initial
moisture
content
g/gsolids
Final
moisture
content
g/gsolids
db db
70 3.50 5× 10−9 124 4.55 7.33
75 1 9× 10−9 172 4.26 7.08
80 2 4× 10−7 117 4.26 7.01
Table 3.4: Change of thickness and weight of potato disc at diﬀerent temperatures after
pressure-driven oil ﬂow
Temperature of oil Change of thickness Change of weight
oC % %
25 6 ↓ 21 ↓
40 14 ↓ 31 ↓
50 33 ↓ 34 ↓
70 66 ↓ 53 ↓
Table 3.5: Change of thickness and weight of potato disc at diﬀerent temperatures after
pressure-driven water ﬂow
Temperature of water Change of thickness Change of weight
oC % %
25 43 ↑ 7 ↑
40 18 ↑ 4 ↑
50 11 ↓ 23 ↓
70 19 ↓ 19 ↓
80 20 ↓ 26 ↓
Table 3.6: Estimated Constant Values of oil and water permeability from 3.13 and 3.14
k0 B R
2
(m2) (K−1)
13× 10−7 5639 0.95
kwo A R
2
(m2) (K−1)
8× 10−26 −7782 0.9017
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